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ABSTRACT
DIFFERENTIAL AND TEMPORAL IMMUNOMODULATION OF ALPHA4
INTEGRINS ON CD4+ MEMORY CELLS BY BORDETELLA PERTUSSIS AND
BORDETELLA PARAPERTUSSIS
by Dipti Ravindra
Pertussis, caused by Bordetella pertussis (B. pertussis), is reemerging worldwide
due to vaccine inefficacy. The hallmarks of infection are extreme lymphocytosis and
delayed recovery, which are partially associated with pertussis toxin. Lymphocytes
migrate to infected tissues using trafficking receptors. Specific combinations of these
lymphocyte trafficking receptors are identified for skin and gut but are not well
established for lung.
This study focused on the effect of pertussis toxin on lung-associated trafficking
receptors and tested the hypothesis that pertussis toxin alters dendritic cell imprinting of
lung trafficking receptors on T cells, thus delaying resolution of the infection.
B. pertussis-infected mice were compared with pertussis toxin-deficient strains.
Imprinting of trafficking receptors on allogeneic T cells by dendritic cells derived from
Bordetella-infected mice was analyzed by flow cytometry.
Mice infected with Bordetella strains showed an increase in mature dendritic cells
on day 5 post-infection. Despite their mature phenotype, dendritic cells from B. pertussis
infection, were compromised in their ability to imprint lung trafficking receptors on
allogenic T cells. These results indicated a pertussis toxin-dependent defect in dendritic
cell imprinting of lung trafficking receptors on T cells. In conclusion, this study provides
important data for future vaccine development against respiratory pathogens.
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PREFACE
This thesis is comprised of three chapters and an appendix. Chapter I provides an
overview of the research project, detailing the rationale behind the project design.
Chapter II is presented in a journal format according to the guidelines set by the
American Society for Microbiology’s “Infection and Immunity.” Chapter III summarizes
the conclusions of this work as well as discusses the future directions for this project.
The appendix provides supplementary data associated with this study.
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CHAPTER I
INTRODUCTION
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OVERVIEW OF RESEARCH PROJECT
Introduction/Background: Despite widespread vaccination of infants against
Bordetella pertussis (B. pertussis), the respiratory disease whooping cough is reemerging
with high rates of morbidity and mortality worldwide. In the US, numerous states have
declared a pertussis epidemic (40).
B. pertussis is a highly contagious pathogen that colonizes the respiratory tract by
adhering to the bronchial ciliated epithelial cells. The hallmarks of this disease are a
forceful “whooping” paroxysmal cough, a prolonged course of disease with recovery for
up to several months, and extremely high number of blood-circulating lymphocytes
(lymphocytosis). B. pertussis possesses a variety of very potent virulence factors that
together concert its unique pathogenesis (39). Specifically, pertussis toxin (PTX) is
linked to extreme lymphocytosis and the pathology associated with delayed recovery
(43).
The immune system consists of a variety of lymphocytes that survey tissues and
organs in the body for the appearance of foreign antigens. Their ability to enter the
organs and identify pathogens is due to a crucial interaction of antigen-loaded, mature
dendritic cells (DCs) and naïve lymphocytes in lymphoid organs. During this interaction,
naïve lymphocytes are “educated” to become effector lymphocytes that respond to
specific pathogens and upregulate trafficking receptors (TRs). This process of educating
lymphocytes is called imprinting. It directs these cells to the area of infection where the
antigen was originally picked up by the DCs (53).
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Successful antigen-mediated lymphocyte education is dependent on the
recirculation of effector lymphocytes between the blood, lymphoid organs, and peripheral
tissue (63), (64). The recirculation of lymphocytes is tightly controlled by the sequential
association of adhesion molecules on endothelial cells of blood vessels with TRs on the
lymphocytes. This process is termed lymphocyte trafficking or homing and is
responsible for the recruitment of T cells to sites of infection (14). Unique combinations
of TRs direct lymphocytes to target organs (14). Many of these combinations are well
described for cells migrating to the gut (α4β7, CCR9 CCR10) and the skin (CCR4 and
CCR10). The combination of TRs for specifying respiratory homing has not been
uncovered (18). However, TR combinations that are important for homing of
lymphocyte to other mucosal tissue, such as α4β7 and α4β1, are also involved in
lymphocyte migration to mucosal airways (51).
Hypothesis: In order to understand the prolonged resolution of pertussis
infection, this study tested the hypothesis that during B. pertussis infection, PTX alters
the imprinting of mucosal- and lung-associated TRs on T cells leading to compromised
T cell migration to the lung, and thus to prolonged recovery from the disease.
Approach and Methodology: To verify the unique effect of PTX, we used two
models of natural human respiratory infections: B. pertussis, a human respiratory
pathogen that expresses PTX, and Bordetella parapertussis (B. parapertussis), a related
human pathogen that does not express PTX (6), but overlaps with 90% of the B. pertussis
genome. We included a PTX-deleted B. pertussis strain Bordetella pertussis-∆PTX
(Bp∆PTX) to further confirm the effect of PTX on imprinting of mucosal- and lung4

associated TRs on T lymphocytes. The experiments were conducted during two phases
of infection. The early phase occurred 5 days post-infection (p.i.), when maximum
numbers of bacteria were isolated from the lungs and blood leukocytes peak in all three
infectious models. Late phase occurred 25 days p.i., when no bacteria were isolated from
the lungs and blood leukocyte numbers dropped in all infection models.
It has been well documented that PTX inhibits Gαi that mediates signaling of Gprotein-coupled receptor (GPCR) and chemoattractant responses (61). Some of the
GPCR are essential for mature DCs to migrate into lymphoid organs where imprinting of
TRs on T lymphocytes occurs (58). Thus, we proposed the following two aims for this
study.
The first aim was to determine the trafficking patterns of leukocytes from mice
infected with Bordetella species. To study TR patterns, we performed the following
experiments: A) Hemoatoxylin and eosin (H & E) and immunofluorescence staining of
lung sections to detect leukocyte recruitment to infected lungs; B) Flow cytometry to
characterize TRs on effector T cells in blood and lung; C) In vitro leukocyte migration
studies to establish the functional role of α4 integrin.
The second aim of this project was to determine the effect of B. pertussis and
PTX on TR imprinting on effector T cells. Since origin and phenotype of DCs is vital for
TR imprinting on T lymphocytes in lymphoid organs, lung DCs from Bordetella-infected
mice at 5 and 25 days p.i. were phenotyped by flow cytometry. Additionally, isolated
lung DCs from all infection models at 5 days p.i. were combined with naïve allogeneic T
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cells in vitro. The TRs imprinted on allogenic T cells during these interactions were
analyzed by flow cytometry in all infection models.
Chapter II, presented in a journal format (American Society of Microbiology’s
“Infection and Immunity”), includes results from both aims, but the thesis focuses mainly
on the second aim of the overall study, since these experiments were conducted
exclusively by Dipti Ravindra for MS thesis.
Results and Discussion: To determine that a respiratory immune response was
initiated following the infection with Bordetella species we analyzed lung sections for
general cell recruitment by hematoxylin and eosin staining and phenotyped the cells by
immunofluorescence staining.
Hematoxylin and Eosin, and Immunofluorescence staining: At 5 days p.i. lungs
from B. parapertussis- and Bp∆PTX-infected mice were infiltrated mainly by neutrophils.
No cell accumulation was observed in lungs of B. pertussis-infected mice. This
manifestation was reversed at 25 days p.i. when airways reverted to uninfected conditions
in B. parapertussis- and Bp∆PTX-infected mice. In lungs from B. pertussis-infected
mice, immunofluorescence staining displayed a combined population of leukocytes
consisting of T cells and B cells surrounding the airway, and neutrophils infiltrating the
lung parenchyma. These results indicate a delay in recruitment of immune cells to the
lungs of mice infected with B. pertussis, thus confirming the postponed recovery in this
infection.
Dendritic cell phenotyping: Since the origin and phenotype of DC is crucial for
TR imprinting (56), we analyzed lung DCs in the various experimental groups.
6

Compared to uninfected mice, the proportions of DCs that expressed the maturation
markers, MHC class II and CD86, at 5 days p.i. were 3.28-fold and 1.77-fold higher in
B. pertussis-infected mice, and 3.28-fold and 1.75-fold higher in B. parapertussisinfected mice, respectively suggesting that both natural infections are equally and
immediately recognized by the immune system. At 25 days p.i., the proportion of MHC
class II and CD86 expressing DCs resolved to uninfected levels in B. parapertussis- and
Bp∆PTX-infected mice but continued to be high in B. pertussis-infected mice, which was
4.87-fold and 3.36-fold above similar cells from uninfected mice, respectively. These
data indicate prolonged exposure of lung DCs to B. pertussis-antigens, which additionally
confirms the prolonged nature of this infection. Expression of CCR7 (a GPCR) is
necessary for mature DCs to exit tissue and enter the lymphatics to participate in the
imprinting process in the draining lymph nodes (58). The proportion of lung DCs that
expresses CCR7 in B. pertussis infection was significantly reduced compared to those
from B. parapertussis infection, which was 0.64-fold and 0.91-fold, respectively,
compared to similar cells from uninfected mice at 5 days p.i. The reduced expression of
CCR7 may suggest a diminished ability of lung DCs from B. pertussis-infected mice to
exit the respiratory tissue and reach the lymphoid organs.
Trafficking receptor in co-culture systems: TR imprinting capabilities of lungderived DCs from 5 days p.i. were verified in an allogenic system. Cell proliferation of
allogenic T cells was confirmed by 5(6)-carboxyfluorescein succinimidyl ester (CFSE)
proliferation assay. Four generations of cell-cycle proliferation were observed in each of
the three Bordetella infection models, suggesting lung-derived DCs from all systems
7

proportionately induced proliferation of allogenic T cells. Despite T cell proliferation in
all three systems, the proportion of allogeneic T cells that expressed α4β7 and α4β1 in
B. pertussis infection were 0.77-fold and 0.46-fold, 1.32-fold and 2.32-fold for cells from
B. parapertussis-infected mice and 1.14-fold and 1.03-fold for cells from Bp∆PTXinfected group compared to cells from uninfected mice at 5 days p.i. These results
indicate that α4β1 was significantly reduced in the system comprising lung DCs from
B. pertussis infection compared to cells co-cultured with lung DCs from B. parapertussis
or Bp∆PTX-infected mice. In this study α4β7 imprinting did not statistically vary
between all allogeneic systems, suggesting that additional mechanisms may contribute to
PTX-dependent α4β7 expression on T cells.
Conclusion and Significance: Our results suggest that during B. pertussis
infection although PTX does not alter DC maturation, the percentage of T cells
expressing mucosal- and lung-associated TRs is reduced, leading to prolonged recovery
from the disease. Therefore, vaccines directed at B. pertussis should address the
expression of mucosal- and lung-associated TRs on T cells for an effective cellularmediated immune response.
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ABSTRACT
Pertussis, a respiratory infection caused by the bacterium Bordetella pertussis
(Bp), is reemerging due to decreased vaccine efficacy. Mechanisms of selective
trafficking of lymphocytes to airways are likely to be critical in the immune response
against this airborne pathogen. Here, we study pertussis toxin (PTX)-dependent
mucosal- and lung-associated trafficking receptor (TR) expression and imprinting on
effector/memory T helper (emTh) cells in a mouse model of Bordetella infection.
Increased cell recruitment to the lungs, at 5 days post infection (p.i.) with
Bordetella parapertussis (Bpp) and B. pertussis-∆PTX (Bp∆PTX) coincides with an
increased frequency of α4β7 and α4β1 expression in circulating emTh cells. While these
TRs are reduced in the Bp mouse model at 5 days p.i., they are highly evident at
25 days p.i., when Bpp and Bp∆PTX infections are resolved. Although a lower
percentage of Bp-lung dendritic cells (DCs) express CCR7 at 5 days p.i., compared to
Bpp-lung DCs, an equally high percentage of these cells express MHC class II and CD86,
these markers persist up to 25 days p.i. exclusively in Bp-lung DCs. In addition, a
reduced frequency of allogeneic CD4+ cells expressing only α4β1 is detected following
the co-culture with Bp-lung DCs.
Our findings suggest that during infection with Bp, but not with Bpp or Bp∆PTX,
a reduced number of emTh cells display mucosal- and lung-associated TRs due to a PTXdependent defect on DC imprinting capabilities. This explains delay in resolution of
B. pertussis infection and implies that modulators of immune cell trafficking should be
considered in the design of new vaccines.
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INTRODUCTION
Despite widespread vaccination against Bordetella pertussis (B. pertussis) in
infants, whooping cough is reemerging with high rates of morbidity and mortality
worldwide. In the U.S., several states have declared pertussis epidemics (40). Due to
waning efficacy of the acellular vaccine, adults may acquire whooping cough despite
vaccination in infancy. Many of those afflicted will experience only a mild disease that
may pass undetected and serve as a reservoir of infection for unimmunized infants, who
are then at risk for developing a profound and deadly respiratory disease. Thus,
whooping cough continues to be a worldwide problem and a better understanding of
B. pertussis pathogenesis may lead to a more effective vaccine.
B. pertussis is a highly contagious human pathogen that colonizes the respiratory
tract by adhering to ciliated bronchial epithelial cells. Hallmarks of the disease are a
forceful “whooping” paroxysmal cough, extreme lymphocytosis, and a prolonged course
of disease with recovery for up to several months. A variety of potent virulence factors
work in concert to contribute to the unique pathogenesis of B. pertussis (39).
Specifically, pertussis toxin (PTX) is linked to the extreme lymphocytosis and the
pathology associated with delayed recovery (43).
PTX, an AB-subunit toxin, is both bacterial surface-associated and secreted as a
soluble toxin. Recently it was reported that influenza virus infection and B. parapertussis
infection are enhanced by B. pertussis during a mixed infection of respiratory tract likely
due to the suppressive effect of PTX on innate immunity during early stages of infection
(9), (65). The catalytic A-subunit (PTX- A) is well documented to inhibit G-protein12

coupled receptors (GPCRs) and chemoattractant responses (61). During B. pertussis
infection, this function leads to the intoxication of several cell types in the respiratory
tissues, such as airway macrophages (3), bronchial epithelial cells, and pulmonary
endothelial cells (45). This detrimental effect is thought to delay neutrophil recruitment
to the lungs during early phase of infection (3, 4).
The B-subunit (PTX-B) displays a more diverse role; it is documented to facilitate
B. pertussis colonization and the binding of soluble PTX to a large variety of
glycosylated cellular receptors (16). In addition, PTX-B is extremely immunogenic (44)
and thus widely used in the pertussis acellular vaccines. Late-induced Th1/Th17 immune
responses are linked to PTX-B function and perhaps to the eventual resolution of
B. pertussis infection and disease (5). Nevertheless, in vitro studies demonstrate that
PTX-B is responsible for the neutralization of inflammatory receptors and responses (35),
(4), (21) as well as desensitization of the chemokine receptor CXCR4 in Jurkat cells (54).
Despite ample documentation of PTX function, the effects of B. pertussis and
PTX on adaptive immune responses, specifically on lymphocyte trafficking receptors
(TRs) responsible for homing to the airways is not well understood. Peripheral blood
lymphocytes from infants infected with B. pertussis show reduced expression of CD62L,
an adhesion receptor facilitating lymphocyte-endothelial cell interactions (30), (28). This
implies that B. pertussis may also alter lymphocyte trafficking by mechanisms that do not
directly involve G-protein blocking.
It is well established that T and B lymphocytes circulate among lymphoid tissues
and the peripheral organs to identify new invading pathogens, to develop and sustain an
13

immune defense, and to resolve infection (14). The recirculation of lymphocytes is
tightly controlled by the sequential association of adhesion molecules with chemoattractant receptors [generally termed “trafficking receptors” (TRs)]. Expression of these
receptors is “imprinted” in lymphoid tissues during the interaction of specialized
dendritic cells (DCs) with naïve T cells in a specific cytokine environment (14). Unique
combinations of TRs direct lymphocytes to tissues in a selective fashion and these
combinations are well documented for lymphocyte trafficking to the gut and skin (66),
(48), (47). However, no unique TR combinations are identified for respiratory homing
(19). Still, T lymphocytes recirculating through the lungs display lower levels of α4β7
than their intestinal counterparts, and lack CCR9 (66). These cells do not express skinassociated CCR10 or high levels of cutaneous lymphocyte antigen (CLA), and they
express lower levels of CCR4 than skin T cells (48), (47). Instead, integrin receptor α4β1
(VLA-4), collagen-binding very late antigen-1 (VLA-1 or α1β1) (51), leukocyte function
associated antigen-1 (CD11a or LFA-1) (60), and perhaps CD49f (α6) and P-selectin
ligand (P-sel lig) (17) are suggested to participate in T cell homing to the lungs (1), (48),
(47), (15).
In this study we hypothesized that despite the extreme lymphocytosis observed
during infection with B. pertussis, circulating lymphocytes display an altered pattern of
TR expression due to a PTX-dependent imprinting defect, leading to a prolonged disease
and a delayed resolution of the infection. We tested this hypothesis using two organisms
responsible for human respiratory infections. B. pertussis, a human respiratory pathogen
that expresses PTX, and Bordetella parapertussis (B. parapertussis), a related human
14

pathogen that does not express PTX (7), but whose genome overlaps with 90% of
B. pertussis. We further investigated PTX-dependent effects using the PTX-deleted
B. pertussis strain, B. pertussis-∆PTX (Bp∆PTX).
We show that while B. parapertussis infection immediately induces a high
percentage of circulating effector/memory T helper (emTh) cells that express α4β7 and
α4β1, this response is delayed for several weeks in B. pertussis infection and results in
inhibited leukocyte migration. Furthermore, while lung DCs derived from mice infected
with B. pertussis display a persistent maturation status, they demonstrate a reduced
capacity to imprint α4β1 on allogeneic CD4+ cells following their exclusive co-culture
with B. pertussis lung DCs. We suggest that α4 integrins, in combination with β7 and β1,
play an important role in emTh cell migration during B. pertussis infection, and that the
disruption of TR imprinting associated with PTX may explain the delay in disease
resolution caused by this pathogen.
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MATERIALS AND METHODS
Mice
All studies using animals were approved by the Institutional Animal Care and Use
Committee (IACUC) at San José State University, San José, CA (protocol # 921), and all
animals were handled in accordance with institutional guidelines. Female BALB/c mice
and female FVB/N (Thy1.1+) mice were purchased from Simonsen Labs (Gilroy, CA).
Bacteria
Three Bordetella strains were used: B. pertussis 338, which is a nalidixic acidresistant derivative of Tohama I (62), B. parapertussis (ATCC 9305), and mutant
B. pertussis-∆PTX, which contains a deletion of the 3.4-kb BstEll fragment encompassing
the PTX operon. Bordetella strains were grown on Bordet-Gengou blood agar plates. A
single colony from the agar plates was used to inoculate Stainer-Scholte broth
supplemented with heptakis (2, 6-O-dimethyl beta-cyclodextrin) (Sigma-Aldrich, St.
Louis, MO), casamino acid, and proline three days prior to experimental infection. The
liquid cultures were grown at 37°C on an orbital shaker (180 rpm), and cultures were
split every day for three days to maintain a log phase of growth before confirming cell
concentration at optical density (OD) of 600 [1OD=3x109 colony forming units
(CFU)/ml]. Cells were pelleted and resuspended in PBS at a concentration of 5x106
CFU/20 µl PBS.
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Infection
Six-week-old female BALB/c mice were infected intranasally (i.n.) with 20 µl
5x106 CFU of B. pertussis, B. parapertussis, or Bp∆PTX. Uninfected mice (mock)
received 20 µl PBS (12). Two time points of experimental infection were established, 5
days post-infection (p.i.) (early stage) and 25 days p.i. (late stage). These time points
were previously determined through a time-course experiment in which bacterial load in
the lungs was measured consecutively for 10 days and again at 25 days p.i. (Fig. A1, see
Appendix). In brief, lungs from experimentally infected mice were harvested,
homogenized, and plated on Bordet-Gengou blood agar plates in order to confirm
colonization of the lungs and assess the bacterial load.
Preparation of blood leukocytes: dextran sedimentation
Leukocyte suspensions were prepared by dextran sedimentation as previously
described (25). In brief, whole blood was obtained by cardiac puncture and mixed with a
solution containing 1.5 mM EDTA and 2% dextran, and incubated at 37°C for 30
minutes. Leukocyte-rich plasma, located on the top of the aggregated erythrocytes, was
carefully collected and centrifuged at 300xg for 5 minutes. The cell pellets were mixed
with 3 ml red blood cell lysis buffer (Sigma-Aldrich, St. Louis, MO) for 5 minutes and
washed with RPMI-1640 containing 10% fetal calf serum (FCS ). Cells were stained for
flow cytometry analysis (BD LSRII, Stanford University, Palo Alto, CA) or used for
in vitro migration and adhesion assays.
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Preparation of lung mononuclear cells
Lungs from infected BALB/c mice were perfused with 30–50 ml PBS. The lungs
and trachea were removed, minced, and then digested in RPMI-1640 media containing
10% FCS, 75 U/ml DNase I (Sigma-Aldrich, St. Louis, MO), and 250 U/ml Type I
collagenase (Worthington Biochemical Corporation, Lakewood, NJ) in a 37ºC orbital
shaker for 45-60 minutes (5 mL media/lung). The digested lungs were passed through a
70 µm nylon mesh strainer, and cells were washed with RPMI-1640 to remove residual
digest medium. Digested lung tissue was resuspended in 40% Percoll (GE Lifescience,
Piscataway, NJ), slowly under-laid with 70% Percoll, and centrifuged at 300xg for 25
minutes (without brake) to create a density gradient. Cells at the 40–70% interface
(mononuclear cells) were collected and stained for flow cytometry analysis or further
used for enrichment of DCs.
Enrichment of lung dendritic cells
Lung mononuclear cells, obtained via percoll density gradient, were enriched for
DCs (CD11c+) by positive selection using directly conjugated anti-CD11c microbeads
(N418) with a MiniMACSTM separator (Miltenyi Biotech, Auburn, CA). In brief, lung
mononuclear cells were incubated with 100 µl CD11c microbeads for 15 minutes at 4°C.
Cells were then washed with MACS buffer (PBS, 0.5% FCS, 2 mM EDTA) and
resuspended in 500 µl of the same buffer. Cells were then loaded on one MACS® MS
column (Miltenyi Biotech, Auburn, CA), which enriched for CD11c+ cells. Then the
cells were either stained for flow cytometry analysis (BD LSRII, Stanford University,
Palo Alto, CA) or used in co-culture experiments.
18

Splenocyte preparation
The spleens of six-week-old female FVB/N Thy1.1+ mice were harvested and
pressed through a nylon mesh to obtain a single cell suspension (8). Splenocytes were
incubated with 3 ml RBC lysis buffer (Sigma-Aldrich, St. Louis, MO) for 5 minutes and
washed with RPMI-1640 containing 10% FCS. Cell pellets from the spleens were
resuspended in PBS buffer containing 0.5% bovine serum albumin (BSA) and 2 mM
EDTA.
Enrichment of allogeneic CD4+ T cells
Splenocytes obtained from female FVB/N Thy1.1 mice were enriched for CD4+
T cells by positive selection using directly conjugated anti-CD4 microbeads (L3T4) with
a MidiMACSTM or QuadroMACSTM separator (Miltenyi Biotech, Auburn, CA). In brief,
splenocytes were incubated with 200 µl CD4 microbeads for 15 minutes at 4°C. Cells
were then washed with MACS buffer (PBS, 0.5% FCS, 2 mM EDTA) and resuspended
in 500 µl of the same buffer. Cells were then loaded on one MACS® LS column
(Miltenyi Biotech, Auburn,CA), which was used to enrich for CD4+ cells.
Co-culture experiments
Lung DCs enriched by CD11c+ positive selection were co-cultured in a 24-well
flat-bottomed plate with positively selected CD4+ cells from naïve FVB/N Thy1.1+
allogeneic mice (1:5 ratio) in 500 µl RPMI-1640 media with 10% FCS, and 1% each of
penicillin and streptomycin (RPMI complete media). Cells were co-cultured for 4 days at
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37ºC with 5% CO2 to allow for T cell proliferation, and TR imprinting, followed by flow
cytometry analysis.
T cell proliferation experiments
T cell proliferation was determined by 5(6)-carboxyfluorescein succinimidyl ester
(CFSE) dye dilution. Briefly, positively selected CD4+ cells from allogeneic FVB/N
Thy1.1+ mice were labeled with CFSE as previously described (37). Subsequently, they
were co-cultured for 4 days with positively selected lung DCs (CD11c+) in 500 µl RPMI
complete media at 37ºC with 5% CO2, followed by flow cytometry analysis.
Flow cytometry
Table I. Antibodies used to stain dendritic cells.
Marker

Clone

Source

CD11c

N418

BioLegend

CD11b

M1/70

BioLegend

CD207

eBioL31

eBioscience

MHC- II

M5/114.15.2

BioLegend

CD86

GL-1

BioLegend

CCR7

4B12

BioLegend

CD103

2E7

BioLegend

CXCR4

2B11

eBiosicence
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Table II. Antibodies used to stain T cells.
Memory/Activated T cells Markers
Marker
Clone
Source
BD
CD4
RM4-5
Bisociences
CD38
90
BioLegend
Thy1.1
OX-7
eBioscience
CD44
IM7
BioLegend
CD45RB
C363-16A BioLegend

Trafficking Receptors
Marker
Clone
Source
CD29 (β1)

HMb1-1

BioLegend

CD49d (α4)
β7
CD11a
CD162

9C10
FIB27
M17/4
2PH1

BioLegend
BioLegend
BioLegend
BD Biosciences

Lung-derived DCs were stained with antibodies as indicated in Table I. T cells
were stained with antibodies as indicated in Table II (BioLegend San Diego, CA;
eBioscience San Diego, CA; BD Biosciences San Diego, CA). Stained cells were
acquired on a BD Biosciences LSRII flow cytometer (Butcher Lab at Stanford
University, Palo Alto, CA) and analyzed using FlowJo software (Tree Star Inc., Ashland,
OR). The frequency of cells expressing the above trafficking markers were compared for
B. pertussis and B. parapertussis infections and normalized to uninfected controls as
explained in the figure legends.
Hematoxylin and eosin staining of lung sections
The lung of uninfected and infected BALB/c mice, inoculated i.n., were infused
with a 1:1 ratio of PBS and Optimal Cutting Temperature (OCT) embedding media, and
frozen in only OCT media on dry ice. The lungs were cut into 6 µm sections and fixed
with cold acetone. They were subsequently stained with hematoxylin and eosin (H&E).
Ten randomly selected fields (400x) from each lung were photographed.
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Immunofluorescence of lung sections
Macrophage and B cell staining: Acetone-fixed frozen lung sections were washed
with 1X TBS containing 0.1% Tween 20 and blocked with PBS containing 5% goat
serum. The sections were sequentially incubated with F4/80 rat anti-mouse monoclonal
antibody (mAb) (CI:A3-1, 1:200 dilution for 1 hr) or control mAb, FITC goat anti-rat
antibody (Jackson ImmunoResearch, Westgrove, PA; 1:500 dilution for 30 min), PBS
with 5% rat serum (Lampire Laboratory, for 30 minutes), goat anti-rat IgG Fab fragment
(Jackson ImmunoResearch, Westgrove, PA; 1:200 dilution for 30 minutes), CD45R/B220
rat anti-mouse mAb (RA3-6B2, 1:200 dilution for 1 hour) or control mAb, and Dylight
594 goat anti-rat antibody (Jackson ImmunoResearch, Westgrove, PA; 1:500 dilution for
30 minutes). Slides were counterstained with DAPI.
Neutrophil and T cell staining: Acetone-fixed frozen sections of lung were
washed with 1X TBS containing 0.1% Tween 20, and blocked with PBS containing 5%
goat serum. The sections were sequentially incubated with CD3 hamster anti-mouse
mAb (145-2C11, 1:200 dilution for 1 hour) or control mAb, Dylight 488 goat antihamster antibody (Poly4055, 1:500 dilution for 30 minutes), Gr-1 rat anti-mouse mAb
(RB6-8C5, 1:200 dilution for 1 hour) or control mAb, and Dylight 594 goat anti-rat
antibody (Jackson ImmunoResearch, Westgrove, PA; 1:500 dilution for 30 minutes).
Slides were counterstained with DAPI.
Sections were visualized at 100x magnification using a LEICA confocal
microscope (DMI-4000B) at San José State University. All antibodies used for
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immunofluorescence staining were purchased from BioLegend (San Diego, CA) unless
otherwise indicated.
Competitive α4-dependent chemotaxis in vitro migration
Chemotaxis was performed with transwell tissue culture plates (3µm pore size)
purchased from Corning Costar. The transwells were coated with mouse VCAM-1 (100
µg/ml; R&D Systems, Minneapolis, MN) overnight at 4°C and then blocked with 2%
BSA for 30 minutes at room temperature. An aliquot of 0.5×105 blood leukocytes each
from B. pertussis (CFSE labeled; Invitrogen Grand Island, NY) (37) and B. parapertussis
(eFluor 670 labeled; eBioscience San Diego, CA) (55) were suspended in 100 µl
chemotaxis buffer (RPMI-1640, 0.5% BSA) and loaded onto the upper chamber of the
transwells. Stromal cell-derived factor-1a (SDF-1a, 100 ng/ml; Miltenyi Biotech,
Auburn, CA) was added to the lower chamber. Neutralizing anti–α4 monoclonal
antibody (5 µg/ml PS/2,) (gift from Dr Butcher, Stanford University) was added to block
the cells in the upper chamber where indicated in Fig. 3A. The cells were allowed to
migrate for 4 hours at 37°C, and the cells that migrated to the lower chamber were
enumerated by flow cytometry (BD FACS Calibur; BD Biosciences, San José, CA).
Cell adhesion assay
A 96-well plate was coated with mouse vascular cell adhesion molecule-1
(VCAM-1) (10 µg/mL) overnight at 4°C, and then blocked with 2% BSA for 30 minutes
at room temperature. An aliquot of 0.5×105 blood leukocytes from B. pertussis or
B. parapertussis treated mice was loaded into the wells. After 40 minutes of incubation
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at room temperature, the wells were washed three times. The adhering cells were stained
with 0.2% crystal violet in 10% ethanol. The stain was solubilized using a 1:1 mixture of
0.1 M NaH2PO4 (pH 4.5) and 50% ethanol, and absorbance was measured at 595 nm on a
microplate reader.
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RESULTS
Delayed recruitment of leukocytes to the lungs observed solely in B. pertussis
infection
While similar numbers of CFUs were retrieved at 5 days p.i. from the lungs of
mice infected with either of the three Bordetella strains, the H&E analyses showed a
dense cell infiltration only in B. parapertussis lung sections, and to a lesser degree in
Bp∆PTX-infected lungs. No significant cell accumulation was observed in the lungs of
B. pertussis infected mice at that time point (Fig. 1A). However, this occurrence was
reversed at 25 days p.i. where no cell accumulation was demonstrated in B. parapertussis
and Bp∆PTX lungs, but a massive recruitment of cells was observed in the lungs of
B. pertussis infected mice.
Similarly, the immunofluorescence staining of lung sections revealed a
predominant infiltration of neutrophils at 5 days p.i. in B. parapertussis- and Bp∆PTXinfected lungs, but no significant recruitment of any of these cells was detected in lungs
derived from the B. pertussis-infected mice similar to lung sections from uninfected mice.
Furthermore, at 25 days p.i., no significant accumulation of immune cells was observed
in lung sections derived from B. parapertussis or Bp∆PTX infections, while leukocyte
accumulation was detected in lung sections from the B. pertussis infection, where
neutrophils occupied the lung parenchyma, and T and B cells clustered mainly around
airways in this model (Fig. 1B).
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FIG. 1. Leukocyte recruitment to the lungs of mice infected with Bordetella strains.
(A) Frozen sections of lungs from BALB/c mice infected with B. pertussis,
B. parapertussis, Bp∆PTX or uninfected at 5 and 25 days p.i were stained with
hematoxylin and eosin. Ten independent fields from each infection were photographed
under 400x magnification. (B) Frozen lung sections from BALB/c mice infected with B.
pertussis, B. parapertussis, Bp∆PTX, or uninfected at 5 and 25 days p.i. were stained
sequentially with F4/80 (green) for macrophage, followed by CD45R/B220 (red) for B
cells. Alternatively, the slides were sequentially incubated with CD3 (green) for T cells,
followed by Gr-1 (red) for neutrophils (as detailed in materials and methods).. Slides
were later stained with DAPI. Slides stained with isotype control mAb did not show any
fluorescence (not depicted). Ten independent fields were photographed from each
treatment at 100x magnification on a confocal microscope.

Expression of mucosal integrin receptors on emTh cells in Bordetella infection
Given that cell recruitment to the lung was delayed in B. pertussis infection (Fig.
1), we hypothesized that the timing of cell recruitment to the lung may be attributed to
the phenotypic alteration of TRs on circulating and lung residential emTh cells. TRs
were analyzed on emTh cells, defined as CD44+/CD45RBlow cells out of CD4+ cells as
detailed in Fig. 2A.
In blood: Infection with B. parapertussis led to an immediate increase in
circulating emTh cells that expressed α4β7 and α4β1 (39.3% and 55.1% respectively,
Fig. 2B), which on average was 1.8-fold and 1.9-fold, respectively compared to similar
cells from uninfected mice (Fig. 2C). However, circulating emTh cells derived from
B. pertussis infection that expressed α4β7 and α4β1 was only 18.1% and 33.1%, (Fig.
2B), which on average was 0.96-fold and 0.76-fold, respectively, compared to similar
cells from uninfected mice (Fig. 2C).
At 25 days p.i. this pattern of expression was reversed and an increased
proportion of circulating emTh cells derived from B. pertussis infection expressed α4β7
27

and α4β1 (35.2% and 36.3% respectively) (Fig. 2D) which was on average 1.8-fold and
1.5-fold of similar cells from uninfected mice (Fig. 2E). Only 22.5% and 25.4% of
respective cells were observed in B. parapertussis infection, which was similar to the
frequency of these cells in uninfected mice (Figs 2D and 2E).
Blood emTh cells from Bp∆PTX infection exhibited a similar pattern of α4β7 and
α4β1 expression to that of B. parapertussis infection at both 5 days p.i. and 25 days p.i.
(Figs A.3A and A.3B, see Appendix). No statistically significant differences were
observed between blood emTh cells expressing CD11a and P-selectin ligand (P-sel lig) at
either 5 or 25 days p.i. (Figs 2C and 2E).
In lungs: In B. parapertussis infection, lung emTh cells displayed a TR
phenotype similar to that found in uninfected samples at both 5 (Fig. 2G) and 25 days p.i.
(Fig. 2I). In contrast, 41.7% and 42.2% of the lung emTh cells from B. pertussis
infection expressed α4β7 and α4β1, respectively at 5 days p.i. (Fig. 2F), which on
average were 1.37- and 1.14- fold, respectively, compared to similar cells from
uninfected mice (Fig. 2G). At 25 days p.i. the frequency of lung emTh cells from
B. pertussis infection that expressed α4β7 and α4β1 further increased to 42.1% and
55.4% (Fig. 2H), which were 2.19- and 2.17-fold, respectively, compared to similar cells
from in uninfected mice (Fig. 2I). No statistically significant differences were observed
between lung emTh cells expressing CD11a and P-sel lig at both 5 and 25 days p.i. (Figs
2G and 2I). Results obtained with Bp∆PTX closely resembled the results obtained with
B. parapertussis (Figs A.3C and A.3D, see Appendix).
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FIG. 2. Trafficking receptor expression on emTh cells in blood and lungs from
B. pertussis- and B. parapertussis-infected mice at 5 and 25 days p.i. Mononuclear
cells were obtained from the peripheral blood and lungs. Cells were gated for CD4+
cells, and further gated for emTh cells (CD44+/CD45RBlow). (A) The frequency of emTh
cells expressing TRs were assessed in blood (B, C, D, E) and lungs (F, G, H, I) and
normalized to respective cells in uninfected mice (1.0 by definition). The percentages in
the gating strategy are representatives from the group. Error bars represent SEM of four
independent experiments (n=4). *: p < 0.05, no asterisk indicates p 0.05 as analyzed by
a two-tailed Student’s t-test for comparison between B. pertussis- and B. parapertussisinfection.

30

In vitro migration and adhesion capabilities of blood leukocytes
To further investigate the effect of PTX on the proportion of blood emTh cells
that express α4β7 and α4β1 in B. pertussis infection, we assessed the ability of these cells
to migrate or adhere under in vitro conditions. At 5 days p.i., compared to blood
leukocytes from B. parapertussis-infected mice, 20% fewer blood leukocytes from
B. pertussis-infected mice migrated to SDF-1a through the VCAM-1–coated transwells
(Fig. 3A). Pretreatment of cells with PS/2 anti-α4 blocking antibody impeded the
migration of leukocytes derived from B. pertussis- and B. parapertussis-infection, further
demonstrating the role of α4 integrins in this process (Fig. 3A). Additionally, adherence
of B. pertussis blood leukocytes to VCAM-1 coated surfaces was 53% less than similar
cells derived from B. parapertussis infection (Fig. 3B).
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FIG. 3. Functional effects of α4 integrins on migration and adhesion of blood
leukocytes from B. pertussis- and B. parapertussis-infection in vitro. (A) Migration of
blood leukocytes from B. pertussis- and B. parapertussis-infection at 5 days p.i., through
VCAM-1-coated or BSA-coated transwells in response to SDF-1a or control medium.
Error bars represent the SEM of three independent experiments (n=3). A Student’s t-test
was performed. *: p 0.05. (B) Adhesion of blood leukocytes at 5 days p.i. to 96-well
plates pre-coated with VCAM-1 (10mg/ml) or BSA, from B. pertussis- and
B. parapertussis-infection. After 30 minutes, adherents were stained with crystal violet.
Values represent mean absorbance at A595. Error bars represent the SEM of six
independent experiments (n=6). A Student’s t-test was performed. *: p 0.05 between
B. pertussis- and B. parapertussis-infection.

Characterization of dendritic cell phenotype
Since the imprinting of TRs on T cells is highly dependent on the maturation
status and the regional and functional characteristics of the DCs (56), we next examined
some of these parameters on lung DCs derived from mice infected with Bordetella
strains.
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Lung mononuclear cells were gated on CD11c+ cells to select for DCs (Fig. 4A).
A robust increase in the number of CD11c+ cells recruited to the lungs of mice infected
with B. pertussis and B. parapertussis was observed at 5 days p.i. (Fig. A.4, see
Appendix). A similar frequency of lung CD11c+ cells that expressed MHC class II,
CD86, and CD11b were observed in B. pertussis- and B. parapertussis-infected mice, and
those were 3.28-, 1.77-, and 7.21-fold in B. pertussis-infected mice and 3.28-, 1.75-, and
5.42-fold in B. parapertussis-infected mice, respectively, above CD11c+ cells derived
from uninfected mice (Fig. 4B).
The proportion of CD11c+ cells that expressed CCR7 in B. pertussis-, and
B. parapertussis-infected mice were 0.64-fold and 0.91-fold, respectively, compared to
similar cells from uninfected mice (Fig. 4C). No significant difference was observed in
the proportion of lung CD11c+ cells that expressed CXCR4 from the different infections
(Fig. 4C). Lung CD11c+ cells in mice infected with Bp∆PTX displayed similar
maturation and GPCR patterns as B. parapertussis-infected mice (Fig. A.5, see
Appendix).
At 25 days p.i. with B. parapertussis infection, the proportion of CD11c+ cells
that expressed MHC class II, CD86, and CD11b was comparable to those in uninfected
mice. In contrast, the proportion of CD11c+ cells expressing these markers from
B. pertussis-infected mice that expressed these markers continued to be high and were
4.87-, 3.36-, and 3.48-fold, respectively, greater than similar cells from uninfected mice
(Fig. 4D). No other statistically significant differences were observed between the
infections for CCR7 and CXCR4 at 25 days p.i. (Fig. A.6, see Appendix).
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FIG. 4. Characterization of lung CD11c+ cells during infection with B. pertussis and
B. parapertussis. (A) Lung mononuclear cells were gated on singlets and then on
CD11c+ cells (DCs). CD11c+ cells at 5 days p.i. (B, C) and 25 days p.i. (D, E) were
analyzed for a second phenotypic marker as detailed in material and methods. Lung
CD11c+ cells expressing CCR7 and CXCR4 at 5 days p.i. (F, G) were measured. The
percentages in the gating strategy are representatives from the group. Error bars
represent the SEM of four independent experiments (n=4). **: p 0.01, *: p 0.05 and
no asterisk: p 0.05 as analyzed by a two-tailed Student’s t-test.

Trafficking receptor imprinting by Thy1.2 lung CD11c+ cells derived from
Bordetella infection
An allogenic system consisting of co-cultured Thy1.2 lung CD11c+ cells derived
from 5 days p.i. mice with naïve Thy1.1 CD4+ splenocytes was used to assess the TR
imprinting. The proliferation of allogeneic Thy1.1 CD4+ cells was confirmed by a CFSE
proliferation assay. Four generations of proliferation were observed in each treatment
over a four-day period (Figs A.7A and 7B, see Appendix). Activated Thy1.1 CD4+ cells,
designated by Thy1.1+/CD4+/CD38++ (Fig. 5A), were analyzed for the expression of TRs
(Fig. 5B). Compared to uninfected cells, the proportion of activated Thy1.1 CD4+ cells
that expressed α4β7 and α4β1 was 1.32-fold and 2.32-fold in B. parapertussis infection
and 1.14- and 1.03-fold in Bp∆PTX infection, respectively (Fig. 5B). However, in the coculture systems comprising of CD11c+ cells from B. pertussis infection the proportion of
α4β7 and α4β1 expressing Thy1.1+/CD4+/CD38++ cells was 0.77-fold and 0.46-fold,
respectively, compared to similar cells from uninfected system (Fig. 5B).
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FIG. 5. α4β7 and α4β1 imprinting on allogenic Thy1.1+/CD4+/CD38++ cells. Lung
DCs at 5 days p.i. from B. pertussis, B. parapertussis, Bp∆PTX, or uninfected, were cocultured for four days with naïve allogeneic Thy1.1 CD4+ splenocytes at 1:5 ratio (A)
Co-cultured cells were gated on lymphocytes, followed by singlets and then on
Thy1.1+/CD4+/CD38++ cells. (B) Proportion of Thy1.1+/CD4+/CD38++ cells expressing
α4β7 or α4β1 following co-culture with lung DCs-derived from Bordetella infections (as
detailed in material and methods). Error bars represent the SEM of three independent
experiments (n=3). *: p ≤ 0.05, no asterisk: p 0.05 for the comparison of B. pertussis
and B. parapertussis derived cells as analyzed by a two-tailed Student’s t-test.
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DISCUSSION
Microbial pathogens, such as Bordetella, utilize virulence factors to interfere with
various immune functions to promote their pathogenesis and prolong their survival in the
host (13), (41), (24), (11), (2). The combined expression of integrin receptors and
chemokine receptors on leukocytes direct them to specific organs and lymph nodes (14).
However, integrin receptors and adhesion molecules are utilized as targets for entry and
cellular signaling during bacterial and viral infections, for instance in Staphyloccocus
aureus and Neisseria species (27) and by human cytomegalovirus and rotaviruses,
respectively (59). Yet, the interference of pathogens with the imprinting of integrin
receptors on lymphocytes as a strategy to divert or delay immune cell migration to
infected organs is not well documented. This study tested the hypothesis that during
infection with B. pertussis, despite the extreme lymphocytosis observed immediately
after infection, the circulating lymphocytes display a compromised integrin receptor
expression pattern due to imprinting defects induced by pertussis toxin (PTX).
Although B. pertussis and Bordetella parapertussis (B. parapertussis) are natural
human pathogens, experimental infections in mice closely mimic human pathology, and
considerable information on Bordetella pathogenesis and studies on Bordetella vaccine is
based on mouse models (49). Therefore using a BALB/c mouse model, we compared
infection by B. pertussis with infection by B. parapertussis – a family member that does
not express PTX, but otherwise demonstrates 90% genome homology with B. pertussis
(29). Unlike B pertussis, B. parapertussis induces a mild respiratory infection that is
quickly resolved by the immune system (7), indicating that PTX is essential for bacterial
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colonization. We tested our main hypothesis regarding PTX using these two natural
human pathogens and then confirmed our results using Bp∆PTX, a pertussis strain that
cannot produce PTX. Two time points post-infection were assessed throughout the study
to cover both the effector and memory immune responses. At 5 days p.i., maximum
numbers of bacteria were isolated from the lungs (Fig. A1), and blood leukocytes peaked
in all infectious models (Fig. A2). At 25 days p.i., no bacteria were isolated from the
lungs and blood leukocytes dropped in all infectious models. These time points,
respectively, defined the early and late phases of the infection.
α4β7 and α4β1 integrins play an important role in lymphocytes migration to
mucosal tissues such as gut and lungs (42), (47). Therefore, the analyses in this study
were focussed on α4β7- and α4β1-expressing emTh cells, assuming that the majority of
these activated cells are Bordetella specific. Further study would be required to
substantiate this assumption.
Mainly neutrophils and few lymphocytes were recruited at 5 days p.i. in
B. parapertussis- and Bp∆PTX- infected lungs. Cell recruitment and subsequent
inflammation coincided with a rise in the frequency of circulating α4β7- and α4β1expressing emTh cells. In contrast, there was no increase in leukocyte recruitment to the
lungs of mice infected with B. pertussis at 5 days p.i., a result previously reported by
others (3). Despite peripheral blood lymphocytosis in the B. pertussis infection model, a
reduced frequency of circulating α4β7- and α4β1-expressing emTh cells was detected,
suggesting that these lymphocytes have a limited capacity to reach the infected lungs.
However, a modest increase in the frequency of α4β7- and α4β1-expressing CD4+ cells in
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the lungs was observed, which may be an indicative of local T cell activation and
imprinting by resident mature lung DCs, due to persistent exposure to B. pertussis
antigens (31), (33).
No signs of lung inflammation were observed in B. parapertussis or Bp∆PTXinfected mice at 25 days p.i., and the frequency of circulating emTh cells expressing α4β7
and α4β1 dropped to levels similar to those in uninfected mice, suggesting complete
resolution of infection. Surprisingly, only at 25 days p.i was extensive inflammation and
massive lymphocyte recruitment observed in lungs of mice infected with B. pertussis,
corresponding with an increase in both circulating and lung resident α4β7- and α4β1expressing emTh cells. This implies a delay of several weeks in the adaptive immune
responses to B. pertussis respiratory infection.
Fedele et al. (23), (22) associated the late Th17 responses in B. pertussis infection,
but not in B. parapertussis infection, to the effects of LPS and adenylate cyclase on DC,
and Carbonetti et al. (5) demonstrated that late Th17 responses contributed to the
eventual resolution of B. pertussis infection in experimental mice. Still to be determined
is whether α4β7- and α4β1-expressing emTh cells secrete IL-17. If so, this may
additionally confirm a late role for Th17 cells in the resolution of B. pertussis infection.
VCAM-1, an adhesion molecule expressed on vascular endothelial cells in the
lungs (51), is a common ligand for both α4β1 and α4β7 (50). SDF-1 is a highly effective
lymphocyte chemoattractant (10). Our in vitro assays using B. parapertussis and
B. pertussis infection models revealed a α4-dependent migration, to SDF-1 through
VCAM-1. . However, lymphocytes derived from B. pertussis infection model displayed
40

a reduced binding to VCAM-1 surfaces and also exhibited a decreased α4-dependent
migration towards SDF-1, compared to lymphocytes derived from B. parapertussisinfected mice. These results indicate an effect of PTX on α4-integrins.
TR imprinting is a function of the DC maturation status, origin and phenotype
(56). In contrast to the report of partial DC maturation during B. pertussis infection (52),
our results indicate that at 5 days p.i. a comparable percentage of lung DCs derived from
all three infection models upregulated MHC class II and CD86 suggesting that DC
maturation is PTX independent. Furthermore, the expression of these markers persisted
in B. pertussis infection at 25 days p.i., but not in the other models of infection,
suggesting a prolonged exposure of lung DCs to B. pertussis-antigens.
Integrin αMβ2 (CD11b/CD18)is mainly expressed on leukocytes and αM plays a
pivotal role in adhesion and spreading of these cells on αMβ2 ligands (fibrinogen, Factor
X, iC3b, ICAM-1) (57). It has been reported that adenylate cyclase toxin (ACT) binds to
αMβ2-expressing immune cells, including DCs via this integrin receptor (26), and
promotes internalization of ACT and integrins(38). However, our results showed that at 5
days p.i. a comparable proportion of lung DC derived from all three Bordetella infections
upregulated αM, but this expression persisted at 25 days p.i. only in B. pertussis
infection, suggesting a prolonged exposure of lung DCs to B. pertussis antigens. The
difference in results observed between our studies may be due to the use of whole
Bordetella bacterium for infection in our experiments verses the use of recombinant ACT
by others.
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The expression of CCR7 on mature DCs is required for their exit from the
peripheral tissues and entrance into the lymphatics (20), (36), (53). Despite an increased
percentage of mature DCs in the lungs of B. pertussis-infected mice, the frequency of
CCR7+ DCs was reduced compared to B. parapertussis-infected mice. This suggests that
in B. pertussis infection lung DCs may be subjected to PTX-A intoxication and GPCR
inhibition, leading to reduced accessibility to secondary lymphoid organs. Although
CXCR4 has been suggested to contribute to DC trafficking between tissues and
lymphatics (32), no significant differences in the percentage of DCs expressing CXCR4
were observed between our infection models, implying that this GPCR plays a limited
role in these models.
The imprinting capabilities of lung-derived DCs from Bordetella infections were
assessed in an allogeneic system. Lung DCs from all Bordetella infection models
expressed maturation markers at 5 days p.i., and induced equal proliferation of allogeneic
Thy1.1 CD4+ cells in a four-day co-culture (Fig. A.7B). However, the percentage of
allogeneic CD4+ cells that expressed α4β1 was significantly reduced in the co-culture
system of lung DCs from B. pertussis-infected mice compared to the same system
stimulated with lung DCs from B. parapertussis- or Bp∆PTX-infected mice. In this
experiment, α4β7 imprinting was not different between allogeneic systems, suggesting
that additional mechanisms may contribute to PTX-dependent α4β7 expression on emTh
cells.
Of note, the respiratory disease was induced intranasally in mice; this route of
infection may have caused a possible leakage of Bordetella bacteria/antigens into the
42

esophagus in addition to delivery through the trachea. In this circumstance Bordetella
antigens may be presented in both gut associated lymphoid tissues by gut-derived DCs
that imprint α4β7-expressing emTh cells, as well as in bronchial associated lymphoid
tissues by lung-derived DCs that primarily imprint α4β1-expressing emTh cells. The
experimental setting presented in Fig.5 reflects only lung-associated DC imprinting, and
thus imprinting primarily of α4β1-expressing emTh cells.
The results of this study do not rule out the possibility that soluble PTX may
diffuse into respiratory draining lymph nodes, triggering a pre-imprinted lymphocyte
egress in an S1P-1 (Sphingosine 1 Phosphate receptor 1)-independent manner, as
previously suggested (46). Assessment of this prospect would require further study.
Although we focus on PTX-dependent effects on α4β7- and α4β1-imprinting on emTh
cells, other TRs may play an important role in immune cell homing to the lung during
respiratory infection, and it is our intent to further explore this prospect.
In conclusion, the results of this study suggest that α4 integrins, in combination
with β7 and β1, play an important role in emTh cell migration to infected lungs.
B. pertussis alters the expression of these TRs in a PTX-dependent manner, and thus
delays a T cell mediated immune response that would otherwise promptly resolve the
infection. Mechanisms of selective trafficking of lymphocytes to respiratory tissues are
likely to be critical in the immune response to airborne agents. Thus, the imprinting and
expression of mucosal- and lung-associated trafficking molecules should be addressed in
the design of vaccines directed against respiratory pathogens.
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CONCLUSION
It is a paradox that during B. pertussis infection, although pertussis toxin induces
extreme lymphocytosis, recovery is delayed up to several weeks. DC characteristic and
phenotype are vital to the nature of trafficking receptors imprinted on T cells. Therefore,
in this study we investigated the effect that PTX has on DC ability to imprint lungassociated trafficking receptors on T cells. While there are a number of trafficking
receptors documented to be important for lung trafficking, this study focused on α4β7
and α4β1 because these integrins show appreciable changes in response to Bordetella
infections. The results of this study indicate that although PTX does not modify DC
maturation, lung-associated trafficking receptor imprinting on T cells is diminished in
B. pertussis infection. This may explain the prolonged disease and delayed resolution of
B. pertussis infections.
Future Directions
•

Late Th17 responses in B. pertussis infection were previously demonstrated and
suggested to be responsible for the eventual resolution of the infection in mice.
Still to be determined is whether α4β7 and α4β1 expressing emTh cells secrete
IL-17; if so, this may further confirm a late role for Th17 cells in the resolution of
B. pertussis infection (5).

•

Still to be explored is whether soluble PTX diffuses into the lymphatics and
respiratory draining lymph nodes, triggering a pre-imprinted lymphocyte egress in
an S1P (Sphingosine 1 Phosphate receptor 1)-independent manner, as previously
suggested (46).
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•

In the future we plan to substantiate the contribution of α4β7 and α4β1 receptors
to emTh cell-homing during Bordetella-infection by injecting mice with anti-α4
PS/2 antibody prior to adaptive transfer of CFSE-stained peripheral blood
mononuclear cells (34).

•

Although we focused on PTX-dependent effects on α4β7 and α4β1 imprinting on
effector/memory CD4+ cells, other TRs may play an important role in immune
cell homing to the lung during respiratory infection, and it is our intent to further
explore this field in the future studies. The discovery of additional TR that are
more exclusive to lung trafficking will aid in the development of vaccines against
respiratory pathogens.
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APPENDIX: SUPPLEMENTARY DATA

FIG. A.1. B. pertussis induces a longer course of infection than B. parapertussis or
Bp∆PTX. BALB/c mice were infected i.n. with 5x106 CFU of Bordetella strains in 20 µl
PBS or mock infection (as detailed in material and methods). Bacterial load in the lungs
was assessed at the time points shown above. This graph represents data from one of two
independent experiments. Additionally, bacterial load in the lungs at day 3 p.i. and day
23 p.i. were assessed in each of the experiments conducted (data not shown).
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FIG. A.2. Blood immunophenotyping during the course of Bordetella infections.
Absolute numbers of circulating (A) lymphocytes, (B) monocytes and (C) neutrophils
were estimated by flow cytometry using trucount beads (as detailed in material and
methods). These graphs represent one of two independent experiments.
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FIG. A.3. Comparative trafficking receptor (TR) expression on emTh cells between
B. pertussis and Bp∆PTX infections. Mononuclear cells were obtained at 5 and 25 days
p.i. from peripheral blood and from perfused lungs. Isolated cells were stained with
conjugated antibodies (as detailed in material and methods) and acquired by flow
cytometer. Mononuclear cells were gated for CD4+ cells, and further gated for emTh
cells (CD44+/CD45RBlow) as shown in Fig. 2A. The percent of emTh expressing TRs
from blood (A, B) and lungs (C, D) were assessed. The cell populations of interest were
normalized to populations from uninfected mice (1.0 by definition). Error bars represent
SEM from three to four independent experiments. *: p <0.1, **: p<0.05, no asterisk
indicates p 0.1 as analyzed by a two tailed Student’s t-test for comparison between B.
pertussis and BpPTX treatments.

50

FIG. A.4. Drastic increase of CD11c+ cells during the early phase of infection with
Bordetella strains. Mononuclear cells were isolated from lungs and enriched for DC
(CD11c+) as detailed in material and methods. After the column enrichment, the total
number of CD11c+ cells per mouse was estimated using the hemocytometer. The cell
populations of interest were normalized to populations from uninfected mice (1.0 by
definition). Error bars represent SEM from three to five independent experiments. *: p
<0.1, **: p<0.05, no asterisk indicates p 0.1 as analyzed by a two tailed Student’s t-test.
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FIG. A.5. Characterization of CD11c+ cells during infection with B. pertussis and
Bp∆PTX. Mononuclear cells were obtained at 5 and 25 days p.i. from perfused lungs.
Isolated cells were stained with conjugated antibodies (as detailed in material and
methods) and acquired on a flow cytometer. Mononuclear cells were gated for CD11c+
cells as shown in Fig. 4A. CD11c+ cells (DCs) were analyzed for a second phenotypic
marker. The number of matured dendritic cells expressing CD86, MHC-class II, CD11b,
CCR7, and CXCR4 at (A) 5 days p.i and (B) 25 days p.i. were measured. Data represent
the mean of three independent experiments (n=3). Error bars represent SEM. *: p <0.1,
**: p<0.05, no asterisk indicates p 0.1 as analyzed by a two tailed Student’s t-test for
comparison between B. pertussis and BpPTX treatments.
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FIG. A.6. Characterization of maturation markers on CD11c+ cells in B. pertussisand B. parapertussis-infected mice at 25 days p.i. Mononuclear cells were obtained at
25 days p.i. from perfused lungs. Isolated cells were stained with conjugated antibodies
(as detailed in material and methods) and acquired on a flow cytometer. Mononuclear
cells were gated for CD11c+ cells as shown in Fig. 4A. Error bars represent the SEM of
two independent experiments (n=2). Data were analyzed using two-tails Student’s t-test.
No asterisk indicates p 0.05.
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FIG. A.7. Proliferation of the Thy1.1+/CD4+ cells in allogeneic system. (A) Lung DCs
from Bordetella infections were used to stimulate purified naïve Thy1.1+ CD4+
splenocytes labeled with CFSE (as detailed in material and methods) and cell were cocultured for four days at 1:5 ratio (B) Histograms show CFSE dilution profiles.
Approximately 4 cell cycles of division are observed in each system as estimated by
FlowJo proliferation analysis. Low mRMS values obtained in every allogeneic system
confirm the accuracy of the analysis.
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